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A B S T R A C T
Responses of rainfall trends to land surface properties (roughness length and sensible heat ﬂux) under weak
wind shear conditions were investigated by numerical simulation and idealized experiments. The results
show that total amount, spatial pattern and intensity of rainfall were highly affected by the difference in
sensible heat ﬂux rather than the difference in roughness length. The initiation time for occurrence of rain-
fall became more delayed and the rainfall intensiﬁed as the given sensible heat ﬂux decreased. A smaller
sensible heat ﬂux and a larger roughness length increased the convective available potential energy before
the rainfall occurrence, resulting in stronger initial convection. The initiation processes affected the result-
ing convective structure, such that initial latent heat release occurred and remained downstream, leading to
a widely spread convective structure above the cold pool. Spread and connected convection magniﬁed the
upright structure, thereby causing release of much more latent heat for ice water species and thus stronger
rainfall intensity.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction
Rainfall trends change according to land surface properties such
as roughness length, sensible (and latent) heat ﬂux when the
topographical gradient is small, especially over in-land urban area.
Observational studies have indicated that the existence of urban area
inﬂuences rainfall trends (e.g., Jauregui and Romales, 1996; Bornstein
and Lin, 2000; Shephered et al., 2002; Diem and Mote, 2005). Results
of numerical studies also suggest that urbanization can cause rain-
fall to increase (e.g., Thielen et al., 2000; Baik et al., 2001; Rozoff
et al., 2003; Han and Baik, 2008; Miao et al., 2011). However, some
studies have shown the contrary, that is, urbanization does not cause
an increase in rainfall, thus, there are still uncertainties regarding the
effect of surface properties on rainfall patterns (Dabberdt et al., 2000;
Kanae et al., 2004).
Variation of land surface properties affects rainfall trends through
the surface ﬂuxes, with their effects tending to vary with the
conditions. Numerical simulations have revealed the sensitivity of
rainfall to factors related to land surface properties. Thielen et al.
(2000) noted that sensible heat ﬂux (SHF) has a signiﬁcant impact on
rainfall change. Han and Baik (2008) investigated initiation of con-
vection due to thermal forcing mimicking urban heat island effect,
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and simulated different response of rainfall to the different forcing.
Miao et al. (2011) reported that rainfall increase mainly derives
from SHF and latent heat ﬂux rather than from momentum ﬂux.
These studies indicate that thermal forcing from the land surface
is more important for generating convection than the momentum
ﬂux. However, an effect of nonlinear interaction between thermal
and momentum ﬂuxes on rainfall has been recognized (Rozoff et al.,
2003), thus the effect of momentum ﬂux (which derives from rough-
ness of land surface) on rainfall cannot be negligible.
Another important factor affecting rainfall trends that is related to
surface ﬂux is the wind proﬁle of atmospheric condition. Differences
in wind shear are known to alter convective activity and structure,
resulting in different rainfall trends (e.g., Weisman et al., 1988; Fovell
and Ogura, 1989; Ferrier et al., 1996; Weisman and Rotunno, 2004).
Findings of studies on the sensitivity of convection to wind shear
indicate that wind proﬁle can affect rainfall trends induced by land
surface properties. In particular, weak wind shear or weak wind
speed has been observed in events of strong rainfall intensity (e.g.,
Bornstein and Lin, 2000; Kim et al., 2012). Therefore, the mechanism
of convection formation under such condition and the sensitivity to
the land surface properties need further study to understand in-land
heavy rainfall.
The purpose of this study is to examine the response of rainfall
trends to land surface properties under weak wind shear conditions
using numerical simulation and idealized experiments. The analysis
http://dx.doi.org/10.1016/j.atmosres.2016.08.010
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focuses on detailed initiation and transition processes of convection
in terms of rainfall intensity induced by land surface properties. For
simplicity, orography is not considered; thus, the orographic effect
on rainfall is not discussed in this paper. In order to simplify the effect
of land surface properties including urban area on rainfall, the model
uses prescribed roughness lengths and SHFs. In Section 2, details of
numerical experiments are described. In Section 3, an overview of
rainfall trends is presented, and the initiation of rainfall is inves-
tigated. The convective structure of subsequent convection and its
transition process are then discussed. Section 4 gives a summary and
provides the conclusions of the study.
2. Numerical experiments
In this study, the response of rainfall is investigated by using pre-
sumed land surface properties. The surface roughness length (SRL)
condition is given by using a Gaussian function,
z0(x) = zme−x
2/a2 + zo (1)
where z0(x) is the SRL for momentum surface ﬂux; it is a function
of x, the horizontal coordinate, zm is the maximum SRL, and a (= 25
km) is the half width of the region of increased roughness length.
The value of a approximates urban width of 50 km (e.g., Rozoff et al.,
2003; Miao et al., 2011). zo (= 1× 10−2 m) is the background rough-
ness length. The sensible heat ﬂux (SHF) condition is also described
by a similar Gaussian function,
F = QHe−x
2/a2 , (2)
where QH is the constant SHF. Here, the latent heat ﬂux is set to
zero, since the effect is known to have less signiﬁcance on rainfall
change than SHF when the atmospheric condition is moist (Thielen
et al., 2000). Some studies showed that the existence of urban results
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Fig. 1. Skew-T lop-P plot of the initial meteorological condition. Solid and dashed
lines represent temperature and dew point temperature, respectively.
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Fig. 2. Vertical proﬁle of the initial wind velocity. Solid line: initial wind proﬁle in the
present study; dashed line: original wind proﬁle.
in decreasing latent heat ﬂux and modifying location of rainfall
(e.g., Rozoff et al., 2003; Miao et al., 2011), however, the effect is
considered not to contribute to rainfall intensity directly and thus is
omitted for simplicity.
The present experimental setup for the meteorological condition
is based on a study byWeisman and Klemp (1982). The skew-T log-P
plot of this condition is shown in Fig. 1. In their study, low-level max-
imum water vapor mixing ratio qv0 is limited to a certain value to
represent boundary layer. This value is set to 18 g kg−1 in the present
study in order to initiate convection within the duration of time inte-
gration (the resulting convective available potential energy (CAPE) is
approximately 3000 J kg−1). The horizontal westerly wind velocity U
from the study of Weisman and Klemp (1982) is modiﬁed as follows:
U(z) = Us tanh
(
z
zs
)
+ U0, (3)
where Us is the maximum wind velocity (set to 5 m s−1), U0 is the
background wind velocity (set to −2.5 m s−1), z is the vertical coor-
dinate, and zs = 2.5 km. The present wind proﬁle is set to mimic
the typical vertical wind proﬁle of weak-shear-wind proﬁle obtained
from observation, the wind direction is skewed between 2.5 km
height and the ground surface (e.g., Houston and Wilhelmson, 2011;
Kim et al., 2012) (Fig. 2).
The values of parameters considered in the present study are
summarized in Table 1. The SRL and SHF are varied to examine their
effect on the rainfall trends. Values of zm in Table 1 (ranged from
10 to 20 m) are adopted from the study of Nakayama et al. (2011),
and values of QH (ranged from 100 to 400 Wm−2) are based on
observational values (Grimmond and Oke, 2002).
An atmospheric model (Baba and Takahashi, 2014) is used with
different numerical setup in the present study. For simplicity, a
two-dimensional computational domain is utilized. The maximum
domain height is 20 km with non-uniform vertical 46 layers and
the horizontal size is 2000 km at 2 km grid spacing. Here, a resolu-
tion lower than that used by Baba and Takahashi (2014) is chosen
because the domain size and time integration need to be expanded.
The horizontal sponge region is set such that open boundary con-
ditions are applied to the horizontal direction. Rayleigh damping is
applied to the upper 15 km region in order to avoid reﬂection of
gravity waves. The top boundary condition is slip condition, and the
surface ﬂux for momentum based on the model of Louis (1979),
Table 1
Summary of parameters for the condition of land surface properties. zm: maximum
surface roughness length; QH: maximum sensible heat ﬂux.
Parameter (unit) Values
zm (m) 10, 20
QH (W m−2) 100, 200, 300, 400
Y. Baba / Atmospheric Research 182 (2016) 335–345 337
(a) zm=10 m
(b) zm=20 m
time min
a
ve
ra
ge
d 
ra
in
fa
ll 
m
m
 h
-
1
0 200 400 600
0.5
1
1.5
2
time min
a
ve
ra
ge
d 
ra
in
fa
ll 
m
m
 h
-
1
QH=100 W m-2
QH=200 W m-2
QH=300 W m-2
QH=400 W m-2
0 200 400 600
0.5
1
1.5
2
QH=100 W m-2
QH=200 W m-2
QH=300 W m-2
QH=400 W m-2
Fig. 3. Time variation of domain-averaged rainfall during 10h for all of the cases.
which depends on the roughness length, is assigned to the bottom
boundary. Turbulence is modeled using a 1.5-order turbulent kinetic
energy scheme of Deardorff (1980) which is commonly used with
the present horizontal resolution. The warm anomaly was not set in
the initial condition; thus, convection is spontaneously initiated by
the effect of land surface properties. Although the increase in con-
centration of cloud condensation nuclei (CCN) is important to rainfall
trends in in-land areas (e.g., Rosenfeld et al., 2007), the concentra-
tion is set to be constant (100 cm−3) nonetheless. Time step is 5 s,
and time integration is performed for 10 h.
3. Results and discussion
3.1. Features of rainfall
The simulated features of rainfall are ﬁrst investigated. Figure 3
shows the time variation of domain-averaged rainfall for all of the
cases. The initial time for the occurrence of rainfall and the domain-
averaged rainfall is found to depend on the land surface properties.
The initial time of rainfall occurrence becomes earlier (later) as the
imposed SHF becomes larger (smaller). The domain-averaged rain-
fall also slightly increases with the delay of the initiation of rainfall.
Figure 3 also suggests that the qualitative trends of time variation of
the domain-averaged rainfall are similar regardless of SRL.
A comparison of the total accumulated rainfall in each case with
respect to different SRL and SHF conditions is presented in Fig. 4. Evi-
dently, the amount of accumulated rainfall is proportional to the SHF.
This proportionality is due to the strong dependence of the initiation
of rainfall on the difference in SHF (Fig. 3) and to the longer period for
the occurrence of rainfall as SHF increases. SHF impact is also appar-
ently more signiﬁcant than SRL impact. This result is consistent with
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Fig. 4. Sensitivity of accumulated rainfall with respect to SRL and SHF.
the ﬁndings of previous studies that showed SHF has a more signif-
icant effect on change in rainfall amount compared with that of SRL
(Miao et al., 2011; Thielen et al., 2000). Moreover, the accumulated
rainfall in the cases with larger SRL is slightly larger compared with
that of the cases with smaller SRL.
As with the trends of the total amount rainfall change, the rainfall
intensity appears to change with the land surface properties. A com-
parison of rainfall intensities with respect to SHF is shown in Fig. 5.
In general, the frequency of weaker rainfall decreases while that of
stronger rainfall increases as the value of SHF decreases, regardless
of the difference in SRL. The rainfall intensity is also sensitive to the
change in SRL when the SHF is small; an increase in SRL generally
results in an increase in rainfall intensity. However, such sensitivity
is much smaller than the sensitivity to SHF.
Spatial patterns of rainfall during the time integration are com-
pared in Figs. 6 (for zm = 10 m) and 7 (for zm = 20 m). In general,
rainfall appears and moves eastward (toward downwind against the
region of increased SRL and SHF) after convection occurs. The trends
of increase in downwind rainfall are similar to those presented in
preceding observational and numerical studies (e.g., Diem and Mote,
2005; Han and Baik, 2008). The time of initiation for rainfall depends
on the SHF, as noted above. Delayed initiation tends to cause larger
rainfall in the frontal region of rainfall moving eastward. The speeds
of eastward movement of rainfall are almost identical (approxi-
mately 10 m s−1) regardless of given parameters, except during the
early stage of rainfall. This similarity may be due to the control of
wind shear strength on the propagation speed of convective cells
(Fovell and Ogura, 1989); the wind shear strengths for all cases are
identical in the present study. At the early stage of rainfall initiation,
the speed of eastward movement is slower than that during the later
stage, showing deviation from the line of 10 m s−1. The present rain-
fall pattern is also consistent with the results obtained by Thielen et
al. (2000), namely, an increase in rainfall only near the urban region
in case of smaller SHF and an increase in rainfall downstream in case
of larger SHF. A ﬁnding that may not be explained in light of previ-
ous studies is an increase in rainfall intensity during delayed rainfall,
which is obtained for smaller SHF. This trend is analyzed in detail in
the following sections.
3.2. Initiation of convection
As presented above, the features of rainfall depend on the given
parameters for land surface properties. (1) The difference in SRL has
a small effect on nearly all changes in the rainfall, i.e., its amount,
spatial pattern, and intensity. In contrast, the difference in SHF has a
large impact on rainfall trends. (2) The initial time of rainfall occur-
rence becomes earlier (later) as the SHF increases (decreases), thus
increasing (decreasing) the total accumulated amount of rainfall.
(3) The frequency of strong rainfall increases while weak rainfall
decreases as the SHF decreases.
Initialization of convection apparently has great effect on subse-
quent rainfall trends. Hence, the initiation process for convection is
analyzed to reveal the mechanism behind the aforementioned effect.
For this analysis, the initial time of rainfall occurrence, which can be
a measure of the initiation time of convection, is deﬁned (Table 2).
Here, the initial time is the time when the maximum rainfall inten-
sity exceeds 25 mm h−1 which is a criterion used for identifying
convective clouds (Xu, 1995). As presented above, the initial time
generally becomes earlier when SHF increases, and also the time
becomes slightly earlier when SRL increases, except for QH = 100W
m−2. In the following analysis, only the cases for which QH = 200
Wm−2 (smaller SHF) and 400 Wm−2 (larger SHF) are analyzed for
simplicity.
Before convection and rainfall occurrence, the ﬂow ﬁeld is modi-
ﬁed by the land surface properties. Figure 8 displays vertical proﬁles
of convective available potential energy (CAPE), and horizontal wind
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Fig. 5. Comparison of rainfall intensity for all of the cases.
velocity 1 h before rainfall. Since smaller SHF cannot cause immedi-
ate initiation of convection, theweak effect of land surface conditions
on the lower atmosphere is apparent until convection occurs. This
effect results in higher atmospheric instability; a smaller SHF indi-
cates higher CAPE at lower altitude, as shown in Fig. 8 (a). The effect
of SRL is different from that of SHF, since a larger SRL increases the
CAPE near the surface. This difference is due to the tendency of a
larger SRL to reduce surface wind velocity, which thus likely causes
stagnation of heat and moisture above the region of larger SRL. This
effect can be seen in Fig. 8 (b): a larger SRL reduces the wind velocity
more than a smaller SRL does.
The vertical structure of subsequent convection formed
depending on the existing atmospheric conditions. Figure 9 shows a
comparison of vertical distributions of the cold pool and wind proﬁle
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Fig. 6. Hovmöller diagrams of 10 h of rainfall for cases in which zm = 10 m, showing rainfall larger than 0.01 mm h−1. Dashed contour lines indicate SHF with interval of 50 W
m−2. Superimposed thin black lines representing 10 m s−1 speed of eastward movement are indicated for reference.
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1 h after rainfall occurrence. In all of the cases, the upper convergent
wind, and lower easterly wind emerged. Below the convergence
region of these winds, air that is colder than the environmental air
deriving from the downdraft of initial convection emerges. Accord-
ing to the CAPE proﬁles presented above, a more upright convective
structure forms when the given SHF is small, since a higher CAPE
leads to stronger initial convection. This trend is indeed apparent
in Fig. 9; structures in Fig. 9 (a) and (c) are upright and horizontally
narrower than those in Fig. 9 (b) and (d).
The initiation of convection is further analyzed by using vertical
distributions of the moisture ﬂuxes (Fig. 10). 1 h before the rainfall
occurrence, the upper westerly incoming moisture ﬂux is gener-
ally supplied to the convergence region where the uplifted air is
present. Simultaneously, the lower easterly ﬂux is supplied to the
lower convergence region. Fig. 10 also suggests that moisture mov-
ing in a much more westerly direction is supplied into the upper
convergence region when the SHF is small. This movement can lead
to greater production of ice water species at higher altitude.
Table 2
Initial time of rainfall occurrence for all of the cases. Start times (in h) are identiﬁed by
the time when maximum rainfall intensity exceeds 25 mm h−1.
QH Wm−2 zm = 10 m zm = 20 m
100 370 min (6.1 h) 380 min (6.3 h)
200 286 min (4.7 h) 256 min (4.2 h)
300 224 min (3.7 h) 156 min (2.6 h)
400 140 min (2.3 h) 134 min (2.2 h)
3.3. Convective structure
After initiation, subsequent convection forms, and the resulting
structure controls rainfall trends. Figure 11 presents a comparison
of vertical distributions of cold pool and wind velocity with rain
mixing ratio during the last 2 h. The results show that the differ-
ence of land surface properties affects the convective structure, with
the effects persisting for a certain period. When the assigned SHF is
small, the updraft velocity is apparent only above the cold pool, and
large amounts of rain accumulate downstream (against the direction
of propagating convection, i.e., western region). When the assigned
SHF is large, the updraft velocity is apparent not only above cold pool
but also in the upstream region (eastern region), and large amounts
of rain accumulate upstream. These trends indicate that smaller SHF
tends to cause upright and downshear structure, whereas a large SHF
results in a tilted and upshear structure (e.g., Ferrier et al., 1996).
The time evolution of cold pool depth and the intensity are com-
pared in Fig. 12. The cold pool depth is deﬁned as the height at which
the negative buoyancy b exceeds −0.005 m s−2 (Tompkins, 2001). b
is deﬁned as
b = g
hv − hv,e
hv,e
, (4)
where g the gravitational acceleration, hv the virtual potential tem-
perature, hv,e the environmental virtual potential temperature which
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Fig. 8. Vertical proﬁles of (a) convective available potential energy (CAPE) and (b) horizontal wind velocity 1 h before rainfall occurrence. Vertical proﬁles were averaged between
x = −100 to x = 100 km.
is set to the initial hv. The cold pool intensity B is deﬁned in terms of
b (e.g., Benjamin, 1968):
B2 = 2
∫ h
0
(−b)dz, (5)
where h is the cold pool depth, and z is the vertical coordinate. The
simulated cold pool depth is approximately 2000 mwhich is compa-
rable to that obtained by Houston and Wilhelmson (2011). The cold
pool intensity is 20 m s−1, which is similar to the intensity reported
by Weisman and Rotunno (2004). Approximate values for cold pool
depths and intensities are similar in all of the cases, but their trends
are different. In the cases with smaller SHF, a deeper cold pool and
stronger intensity initially form (as shown in Fig. 9), and the inten-
sity remains strong for 3 h after the occurrence of strong rainfall. This
result implies that the initial strength of the cold pool affects the
formation of convection much more (even about after 3 h) when the
assigned SHF is small.
The distribution of rain drop size changes depending on the
difference in convective structure. Figure 13 presents vertical distri-
butions of rain mixing ratio and rain drop size along with graupel
mixing ratio. The rain drop size can be estimated from rain mix-
ing ratio and its number concentration (e.g., Baba, 2015). The size
increases as height decreases because of the growth of rain drops,
which is generally caused by the collection of cloud condensate with
rainfall (e.g., Morrison et al., 2009). An apparent difference between
cases is that the region of large drops was more widely spread in the
cases of smaller SHF compared with that in the cases of larger SHF.
This difference indicates that larger rain size, which results in faster
fall speed, tends to be frequent in the cases with small SHF. These
conclusions are consistent with the above results showing that more
frequent, stronger rainfall intensity appears in such cases. In addition
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to difference in the rain drop size distribution, there is also a dif-
ference in the graupel distributions. Larger graupel mixing ratio is
apparent in the upper downstream region in the cases with smaller
SHF and is apparent in the upper upstream region in the cases with
larger SHF. These positions coincide with the regions with larger rain
mixing ratio.
Large and heavy ice water species such as graupel produce rain
through the melting process. Some studies have shown that an
increase in graupel is closely related to an increase in rain because
of the heavy mass of graupel. The increase results in stronger
rainfall intensity (e.g., Wu et al., 2013; Baba and Takahashi, 2014).
The above results suggest that the convective structure tends to
be upright at smaller SHF, whereas it tends to be tilted at large
SHF. When the structure is upright, transport of water species is
in a more upward direction. This increased production is accom-
panied by the greater release of latent heat of ice deposition.
Figure 14 shows the time variation of latent heat release derived
from the production of ice water species. The variations clearly
show that the difference in SHF mainly affects the latent heat
release, with the gradient of increase persisting for up to 10 h.
(a) zm=10m, QH=200 Wm-2 (b) zm=10m, QH=400 Wm-2
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Fig. 11. Vertical distributions of cold pool (shaded areas represent differences in equivalent potential temperature from the initial state), wind velocity (vectors), and rain mixing
ratio (contours; 0.2 g kg−1 interval) averaged during last 2 h. The vertical wind velocity is multiplied by 5.
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evolution is the relative time for which the initial time is given in Table 2. The cold
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They also suggest that a convective structure varies with the dif-
ference in the SHF throughout the development of convection. The
sensitivity of latent heat release to SRL as the SRL slightly increases
is also observable, but, as already noted, this sensitivity is relatively
low.
Convective clouds produce large ice water species because they
have large updraft velocity and can transportmoisture toward higher
altitude. Analysis of latent heat release within convective clouds as
identiﬁed through the method of Xu (1995), shows increases in the
latent heat releases from liquid and ice water species, as convection
develops (Fig. 15). The trends of latent heat release also show that
the increase in the rate of small SHF case is larger than that of large
SHF case. The trends are found to be common for latent heat releases
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Fig. 14. Time variations of domain-averaged latent heat release for ice deposition. The
value of latent heat release was domain-averaged and column-integrated.
of both liquid and ice water species. However, the proﬁle of latent
heat release between small and larger SHF conditions is similar for
up to 2 h; thus, signiﬁcant structural change can occur between 2 and
4 h. Upward moisture transport within convective clouds responds
to latent heat release (Fig. 16). Vertical proﬁles of vertical moisture
transport clearly show that smaller SHF causes larger upward mois-
ture transport within convective clouds at the same relative time
shown in Fig. 15. Therefore, increased production of liquid water
species precedes the increased production of ice water species.
Transition of convective structure with not only latent heat
release for ice water species but also that for liquid water species
after the rainfall occurrence is therefore considered to be a key to
understanding the different rainfall trends. Figure 17 shows a com-
parison of transitions of convective structure with latent heat release
at the same relative time. Multiple convective cells appear above the
cold pool at 2 h in both cases. However, the relative positions of the
largest latent heat release are different. The position is downstream
in the case of smaller SHF and is upstream in the case of larger SHF.
This difference is due to the stronger initial convection arising from
higher CAPE in the former cases, resulting in a persistent effect of ini-
tial convection. Simultaneously, in this structure, difference of cold
pool (Fig. 12) is seen mainly in downstream region, where westerly
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wind is uplifted into the convergence region. At 3 h after a signiﬁcant
change in the convective structure, the position of the large latent
heat release shifts to upstream but large latent heat release remains
downstream. Consequently, latent heat release above the cold pool
is widely spread in the case of smaller SHF, as compared with that in
the case with larger SHF. The widely spread, large latent heat release
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Fig. 17. Time variations of vertical proﬁles of wind velocity (vectors, vertical component is multiplied by 5), cold pool (shaded areas), and whole latent heat release (contours; 1.0
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to zm = 20 m (proﬁles of the cases for zm = 10 m are omitted for simplicity, since they show similar trends).
magniﬁes the upright structure even after 4 h, with the remainder
at the upper altitude. These trends of the transitions of convective
structure suggest that the initial stronger convection inﬂuences the
convective structure by linking each subsequent convection above
the cold pool, leading to a more upright structure and larger rainfall
intensity through production of more ice water species.
4. Summary and conclusion
The responses of rainfall to land surface properties under
weak wind shear conditions were investigated by using numerical
simulation and idealized experiments. In the investigation, the
responses were mainly investigated in terms of rainfall intensity,
using parameters of land surface properties which were chosen to be
surface roughness length (SRL) and sensible heat ﬂux (SHF) that have
anomaly in their proﬁles to express urban area.
Rainfall spontaneously occurred in the downwind region against
the region of increased SRL and SHF, with the given land surface
properties and a wind proﬁle in the absence of any initial force. The
SRL had small impact on the rainfall amount and its intensity com-
pared with the effect of SHF. The initial time for rainfall occurrence
and the total amount of rainfall weremainly controlled by SHF: as the
SHF increased (decreased), the initial time became earlier (later) and
the total amount increased (decreased). Meanwhile, rainfall intensity
increased and weak rainfall decreased with smaller imposed SHF.
The initial time for the occurrence of rainfall was deﬁned, and
details of the initiation process for all of the cases were investigated.
At the same relative time with respect to rainfall occurrence, atmo-
spheric instability as evidenced by the convective available potential
energy (CAPE) increased with a smaller given SHF before convection
occurred. Larger SRL increased the CAPE because the large SRL could
cause stagnation of heat andmoisture over the region with large SRL.
Because of the difference in CAPE before occurrence of rainfall and
convection, the initiation process for generating convection varied. A
cold pool formed below the initial convection in all of the cases, but
the resulting horizontal structure was narrower and deeper in the
case of smaller SHF. Simultaneously, the moisture ﬂux indicated the
increased moisture supply toward the upper convergence region.
After the convection formed, the subsequent convective struc-
ture varied. Upon initiation of the initial convection by higher
CAPE, a deeper and stronger cold pool intensity remained even 3
h after rainfall, and an upright structure remained during eastward
propagation. In this structure, the rain drop size became larger
and the distribution was widely spread, resulting in an increase in
frequency of stronger rainfall intensity.
The strengthened rainfall intensity was derived from the increase
in production of large ice water species, as suggested by the
increase of latent heat release for ice deposition within convec-
tive clouds. The latent heat release was accompanied with that
for liquid water species, indicating that total latent heat release
increased in the upright structure. Analysis of the transition of the
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convective structure revealed that initiation of convection by higher
CAPE shifted the position of initial convection downstream above the
cold pool and formed a widely spread convection with several con-
vection currents linked to each other. In this structure, large latent
heat release produced more ice water species; thus, the formation
of such a convective structure triggered by higher CAPE might be a
primary cause of the increased stronger rainfall intensity.
In conclusion, a delay in initiation of convection due to weak
inﬂuences from land surface properties increases the CAPE before
convection. The effect leads to downshear and an upright convective
structure that can cause stronger rainfall intensity within a narrow
region. The present mechanism for rainfall intensiﬁcation may occur
under similar atmospheric condition with more complicated urban
region, since the properties of SRL and SHF for urban region are
based on observational values. There might be possible effects of
unresolved small scale structure and spatial variation of urban region
on rainfall intensiﬁcation, thus they should be discussed in future
study. It also should be noted that the present mechanism for rainfall
intensiﬁcation appears only when the weak wind shear is main-
tained without being disturbed by change of atmospheric condition
until strong convection occurs, thus the situation for rainfall intensi-
ﬁcation is limited. Finally, although the present study examined the
response of rainfall to the land surface properties, further studies
using three-dimensional models are necessary for a more compre-
hensive understanding of the response; the present study employed
only a two-dimensional model.
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